nanowire photodetectors formed above a silicon substrate that also contains a photodetector.
The nanowire photodetectors have absorption spectra that exhibit peaks for which light is coupled to a waveguide mode, absorbed and converted to photocurrent. The substrate photodetector converts the light not absorbed by the nanowires to photocurrent.
Responsivities of both photodetectors are measured and compared to the predictions of electromagnetic simulations. This device configuration can be thought of as a silicon photodetector with an integrated filter. The filter has the unusual property of converting absorbed light to photocurrent rather than discarding it.
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pattern between the microlenses and photodetectors. These filters typically transmit red, green and blue spectral bands, permitting color imaging to be performed. These filters face considerable challenges however in the trend toward ever higher pixel densities that exists at the time of writing. 1 The filters are inherently inefficient, in that they only transmit a portion of the visible spectrum. The current trend toward increasing pixel densities generates the strong need for improved efficiency. This is evidenced by the introduction of back side illumination devices. 2 In front-side illumination devices, light can be reflected or scattered by the metal interconnection layers. Back side illumination devices were developed to reduce this source of loss. For the back side illumination device, the wafer is flipped and substrate is thinned until the photodetectors are exposed. After that, the color filters and microlenses are fabricated on the surface exposed by the thinning process. Back side illumination allows each pixel to collect more photons because there are no metal layers in the light path.
Although back side illumination achieves higher efficiency, the color filter still poses a limitation in the scaling down of the pixels. The organic dyes they employ have limited absorption coefficients and are damaged by high temperatures and ultraviolet exposure. Other approaches such as plasmonic color filters are therefore being considered. 1, 3 These approaches however share the characteristic that the color filter transmits only part of the spectrum, with other parts being absorbed or reflected. Conversion of this light (that would otherwise be absorbed or reflected) to photocurrent presents a means to increase efficiency.
This motivated the proposal of color separations using spectral splitters. 4 Another approach uses the wavelength-dependent absorption length of silicon (Foveon X3® image sensor 5 ).
The Foveon X3® image sensor contains three layers of photodetectors, while a conventional image sensor contains a two dimensional array of photodetectors and color filters. Each pixel of the Foveon X3® image sensor can detect all three primary colors and there is therefore no need for the interpolation process that causes degradation of image sharpness in conventional image sensors. It has been noted however that the Foveon X3® image sensor has a large overlap in the spectral response of the three channels. 6 In reference [6] , the blue photodetector (top photodetector) is shown to have a much wider spectral response than the blue channel of the tristimulus function. Although post processing using an appropriate color matrix can generate the correct color, its large off-diagonal terms add noise to the image. 6 Semiconductor nanowires [7] [8] [9] are currently the topic of considerable interest, and it is interesting to consider whether they present opportunities for the challenges faced by image sensor technologies described above. Cao et al. demonstrated that horizontal germanium nanowires have absorption spectra that depend on their radii. [10] [11] [12] We demonstrated that etched vertical silicon nanowires exhibit colors because of wavelength-dependent coupling and absorption. 13 Recently, we showed that this effect can be extended to the infrared via germanium nanowires. 14 We demonstrated filters for multi-spectral imaging by embedding the nanowires into a transparent medium. 15, 16 We furthermore demonstrated image sensor pixels comprising nanowires with integrated photodetectors and performed color imaging without additional color filters, i.e. just employing the spectral response of the nanowires themselves. 17 Our nanowire photodetectors have the unusual and technologically-useful property that the spectral absorption can be engineered by changing the radii of the nanowires.
Here, we describe the demonstration of a more advanced configuration, in which a second photodetector is added to the substrate, i.e. beneath the nanowires. This could form the basis of an image sensor pixel in which part of the spectrum would be captured by the nanowire photodetector, and converted to photocurrent. The remainder of the spectrum would be captured by the substrate photodetector, and again converted to photocurrent. In this way, photon capture would be performed in a highly efficient manner, as photons would be not discarded by absorptive filters. Figure 1a shows the concept schematic of our device. The nanowire photodetector selectively absorbs part of spectrum and the substrate photodetector absorbs the light not absorbed by the nanowire. The starting substrate for our device is a silicon wafer on which multiple layers have been grown epitaxially. The use of an epitaxial wafer is motivated by the fact that to collect the photons from the nanowires and the substrate, both parts need to contain p-i-n junctions. As shown in Figure 1b , our multilayered epitaxial wafer contains p+/n-/n+/n-/p+ layers. The nanowire photodetectors are to be fabricated in the top p+/n-/n+ layers. The bottom n+/n-/p+ layers are for the bottom p-i-n junction. Epitaxial wafers are produced by the company IQE Silicon (UK), with the goal being the specifications shown in Figure 1b . The top p+/n-/n+ section thickness is chosen to be 3.2 µm. This is chosen to match the intended heights of our nanowires. This is in turn dictated by the capabilities of our fabrication process, as to etch nanowires that are taller than this is challenging. For the bottom photodetector, we choose the n-layer to be fairly thick (4 µm), in order to absorb as much of the light (not absorbed by the nanowires) as possible. We measure the doping profile using secondary ion mass spectrometry (SIMS, performed by Evans Analytical Group USA). Figure 2a shows the fabrication method of our device. Fabrication begins with etching nanowires using the methods described in our previous paper. 15 It is important, however, that the etching depth be well-controlled to ensure that the resultant nanowires do indeed contain p+/n-/n+ junctions. We therefore choose to etch the nanowires until middle of the n+ layer. The next step is to define the substrate photodetector. We pattern thick photoresist (~ 3.5 µm thickness). We etch a mesa structure to a depth of ~ 8 µm, so that the substrate (p+) is Figure 2b shows the mesa structure. The lateral extent of the mesa is 2 mm × 2 mm. This size is chosen to permit PMMA (polymethylmethacrylate) spacer fabrication to be carried out. If the mesa is too small, then the PMMA coating will be very non-uniform. Figure 2c shows optical microscope images of the structures comprising nanowire arrays on mesas. It can be seen that the nanowire arrays show colors that depend on the radii of nanowires. 13 To fabricate the top transparent contact, we spin coat PMMA onto the sample.
RESULTS AND DISCUSSION
We then place the sample in an oxygen plasma in order to etch the PMMA and expose the tops of the nanowires. An ITO layer is then sputtered on top. We use silver epoxy and gold wires to establish three contacts (ITO, n+ and substrate). The result is shown as Figure 2d .
The contact in the bottom left corner of Figure 2d corresponds to the n+ layer contact. This formed by scratching away the PMMA to expose the n+ layer.
The measured I-V curves of our devices without illumination are shown as Figure 3a .
We measure I-V characteristic of both the nanowire photodetectors with radii of 100 nm and 120 nm and of the corresponding substrate photodetectors. The photodetectors show the expected diode characteristics. The dark currents of the nanowire and substrate photodetectors at a bias of -1 V range from ~600 pA to ~1 nA. We next measure the responsivities of both the nanowire and substrate photodetectors using the method described in our previous paper. 17 Briefly, light from a quartz tungsten halogen lamp is filtered by a monochromator and focused onto the device using a homebuilt microscope, with the resultant photocurrent measured by a picoammeter. The optical power impinging on the device is found from measurements performed with a reference photodetector. The responsivities of the photodetectors comprising nanowires with radii of 100 nm and 120 nm are shown in Figure 3b . It can be seen that each responsivity spectrum shows distinct peaks, whose positions depend on the radii of nanowires. 17 This effect originates from the wavelengthdependence of the field distributions of the guided modes. [13] [14] [15] [16] [17] The magnitude of the responsivity is however smaller than that of previous devices 17 . We believe that this is due to the changes in the etching characteristics of the reactive-ion etching (RIE) machine used for this work. These changes to the etching characteristics result in increased damage to the nanowire surface.
The substrate photodetector (Figure 3c ) shows responsivity (~ 0.27 at the wavelength of 630 nm) that can be considered good, although slightly lower than that of a conventional silicon photodetector (e.g. FDS10X10 18 from Thorlabs Inc., with responsivity ~ 0.4 at λ = 630 nm). Modulation of the responsivity spectrum of the substrate photodetector, i.e. ripples, can also be seen. This is because the PMMA film containing the embedded nanowires acts as a Fabry-Perot cavity, resulting in modulation of the spectrum of the light transmitted into the substrate. Figure 3d shows simulated responsivities. We use the finite-difference time-domain (FDTD) method to calculate the absorption cross-sections of both nanowire and substrate photodetectors. We then calculate responsivities with the assumption of 100 % internal quantum efficiency. It can be seen that the peak positions of the measured responsivities of the nanowire devices (Figure 3b ) are in good agreement with the predictions of simulations (Figure 3d ). It should be noted that these simulations are for nanowires whose radii are 35 nm smaller than those of the design values used in the lithography step for the actual device. This trend is consistent with findings of a previous study 17 and could be due to fabrication imperfections, e.g. undercutting during the etching step. It can be seen that the magnitudes of the responsivities of the actual devices (Figure 3b ) are considerably (~10 times) lower than the predictions of simulations (Figure 3d ). As discussed above, this may be a consequence of recombination at the nanowire surface, a process exacerbated by damage caused by etching.
For the substrate detectors, it can be seen that the measurements (Figure 3c ) are in good agreement with simulations ( Figure 3d ) in terms of peak positions as well as the magnitude of the responsivities. Interestingly, it can be seen that for both measurements and simulations, substrate photodetector #2 has a responsivity that is suppressed compared to #1 in the spectral range from below 500 nm to approximately 600 nm. This is due to the fact that silicon nanowire array #2 has an absorption peak in this range, thereby reducing the transmission to the substrate photodetector. In other words, the silicon nanowires are acting as optical filters as intended. This filtering effect is not as pronounced as it could be however, due to the fact that absorption by the nanowires is relatively small (peak value ~20 %) in their current configuration. In addition, at shorter wavelengths, incident photons absorbed near the top surface of the substrate photodetector contribute little to the photocurrent due to the highlydoped n+ region being relatively thick (400 nm). Furthermore, the ripples in the substrate photodetector's response tend to dominate the response. We next consider a modified design intended to address these issues.
The simulation results for the modified design are shown as Figure 3e . To increase the absorption by the nanowires, they are elongated from 2.55 µm to 4 µm, and the nanowire pitch is taken to be 0.7 µm. The intrinsic region, in which absorbed power is converted to photocurrent, is taken to be 3.45 µm tall. The nanowires are taken to have radii of 85 nm. As discussed above, the presence of Fabry-Perot fringes in the substrate photodetector response makes the spectral filtering provided by the NWs more difficult to discern. The presence of an anti-reflection coating would serve to mitigate this. To mimic this function, the simulated device has no ITO layer, and the PMMA is taken to be infinitely thick. It can be seen ( Figure   3e ) that this greatly reduces the depths of the Fabry-Perot ripples. In addition, we assume the thickness of the n+ regions of the substrate photodetector is 100 nm. Strong peaks appear in the nanowire's simulated responsivity and corresponding distinct dips can be seen in the substrate's responsivity (Figure 3e ). One can regard the power absorbed in the nanowire as being analogous to the power absorbed in a photodetector of an image sensor containing a red-green-blue (RGB) Bayer filter. Similarly, the spectrum of power absorbed in the substrate can be thought of as analogous to the power absorbed in a photodetector of an image sensor containing a cyan-magenta-yellow (CMY) filter. This approach should thus permit color imaging to be performed with high efficiency. To demonstrate this, we perform FDTD simulations. Figure 4a shows the simulation results of responsivities for four nanowire arrays and their corresponding substrate photodetectors. The arrays contain nanowires that are 4 µm tall and on a 0.7 µm pitch. The simulated devices have no ITO layer, and the nanowires are embedded in PMMA that is infinitely thick. The thickness of top n+ layer of substrate photodetector is 400 nm. Figure 4b shows the CIE 1964 XYZ color matching functions. 19 We use the least squares method to find the linear combination of the four nanowire arrays (Figure 4a ) that produces the response most similar to that of the standard color response (Figure 4b) . The results are shown in Figure 4c . We repeat this process, this time including not only the four nanowire arrays, but also the four corresponding substrate photodetectors.
The results are shown as Figure 4d . Interestingly, the color response obtained when the substrate photodetectors are included (Figure 4d ) is closer to the standard color response than the that achieved with the nanowire photodetectors only (Figure 4c ). In addition, the result shows that no additional filters (i.e. IR cut filter) would be needed for the color imaging. It is seen that the substrate photodetectors are helpful for not only improving photon collection efficiency but also for higher color accuracy.
CONCLUSION
In conclusion, we fabricate a vertically stacked photodetector device comprising silicon nanowires, each containing a photodetector, formed above a substrate that also contains a photodetector. The measured responsivities show that nanowire and substrate photodetectors each absorb parts of the illumination spectrum. Our approach enables us to collect photons (i.e. absorb and convert to photocurrent) that would be otherwise discarded by conventional color filters. 
